Today's water systems require integrated water resources management to improve the water supply for conflicting water uses. This research explores alternative policies to improve the water supply for two conflicting uses, hydropower and environmental, using the Leishui River basin and Dongjiang reservoir as a case study.
INTRODUCTION
Water is an essential resource for all life on the planet. The sustainable development of water resources is fundamental to promoting social and economic welfare while balancing the exploitation of natural resources, now and in the future.
Because water is not distributed in the right quantity with the adequate quality in time and space for desired socioeconomic activities, water resources management is used to redistribute it to satisfy these water demands while maintaining the ecological and hydrologic integrity of a basin. Water resources management aims to optimize a basin's natural water availability to satisfy these competing demands.
To solve the problem of water resources in the long-term, the concept of integrated water resources management (IWRM) was developed, defined as: "a process which promotes the coordinated development and management of water, land and related resources in order to maximize the resultant economic and social welfare in an equitable manner without compromising the sustainability of vital ecosystems" (GWP, 2000) . IWRM plays a key role in implementing policies towards sustainable development; however, this process is very difficult to consolidate given the complexity of coordinating different institutions, interests and regulations, and future challenges remain in reducing the gap between theoretically agreed upon policies and implementation. Water resources sustainability depends on the effective implementation of IWRM, leading to long-term social, economic and environmental benefits (Matsuura, 2009) A river is not only channel flow but also a set of structures, processes and interactions that can provide services to social and economic activities (Postel and Ritcher, 2003) . Rivers provide water supply, irrigation, hydropower, recreation and food for humans and their beauty improves the quality of life for people visiting their banks and rafting their waters. Adequate streamflow regimes protect water quality, filter and decompose pollutants, and help maintain soil fertility (Thompson et al., 2012) . Connected floodplains attenuate the magnitude of floods and reduce the severity of their damage (Sandoval-Solis and McKinney, 2012) . Rivers interact with aquifers, storing water in the ground that can be used during drought periods (Sandoval-Solis et al., 2011) . Rivers reaching the coast attenuate saline intrusion in aquifers while providing nutrients, sediments and adequate water quality for estuarine fisheries (Kam et al., 2012) . In summary, rivers are complex systems that can provide valuable services for society.
Riverine ecosystems depend on a variety of streamflow regimes, chemical and transportation processes, and the interaction of different geomorphic and biological components. Rivers host many plant and animal species whose variety and interactions keep the ecosystem healthy and functioning. The streamflow regime of a river transports sediments and nutrients at a certain rate to promote habitat and food abundance for native species. The inter-annual variability of the streamflow regime eradicates non-native species through extreme hydrologic events, such as floods and droughts. Human activities and infrastructure have altered these vital functions; degrading and in some cases destroying aquatic and riparian ecosystems.
A few examples of actions that have altered river functions required to maintain healthy ecosystems are: reduction of streamflow due to human diversion of water (Sandoval-Solis and McKinney, 2012) , disconnection of floodplains due to construction of levees for flood protection (Mount, 1995) , and degradation of water quality due to disposal of untreated wastewater in rivers and lakes (IBWC, 2008) .
Among the most damaging alterations for the environment are dams. Dams alter the streamflow regime of rivers (Postel and Richter, 2003, Sandoval-Solis et al., 2010) , change water temperature (Clarkson and Childs, 2000; Todd et al., 2005; Thompson et al., 2012) , alter nutrient and sediment transport capacity (Williams and Wolman, 1984; Vorosmarty et al., 2003, Dean and Schmidt, 2011) , disconnect habitat along the river (Postel and Richter, 2003, Thompson et al., 2012) , modify upstream and downstream water quality (Ahearn et al., 2005) , influence floodplain vegetation communities (Magilligan et al., 2003 , Shafroth et al., 2001 , Tockner and Stanford, 2002 and alter downstream estuaries, deltas, and coastal zones by modifying salinity, nutrient and sediment transport (Olsen et al., 2006, Richter and Thomas, 2007) . Dams reduce the ecosystem services that a healthy river can provide (WCD, 2000; Postel and Richter, 2003; WWF, 2004; MEA, 2005) , often with vast implications for the downstream river ecosystems (Collier et al., 1996 , McCully 1996 , Willis and Griggs, 2003 . Restoring the flow regimes of rivers by modifying dam operations is fundamental to recover these environmental services.
Objectives
The main objective of this study is to compare existing water management policies for hydropower with the benefits provided by an IWRM policy that considers hydropower and environmental flows. The Dongjiang reservoir, located in the Leishui River in China, is used here as a case study. The specific objectives of this research are: a) develop an annual e-flows hydrograph using the natural flow paradigm technique of Poff et al. (1997) and specifically the Indicators of Hydrologic Alteration platform; b) construct a simulation and planning model that represents the regional water resources system of the Leishui river basin using the C++ platform; c) estimate the benefits of the water management policies by testing different scenarios with the planning model: an Only Hydropower Scenario, which depicts business-as-usual, and four E-flows Scenarios, which consider the IWRM of Dongjiang reservoir for hydropower and environmental water management; d) compare the benefits of alternative (E-flow-oriented) policy scenarios.
The Natural Flow Paradigm method is used to create initial e-flows estimates for the Leishui River with the assumption that the natural flow regime contained an arrangement of flow characteristics that provided functions to sustain healthy riparian and aquatic native ecosystems. Poff et al. (1997) and Baron et al. (2002) have shown that healthy river ecosystems require a natural range of variation in flow, which has been considered as an objective by several studies (Shiau and Wu, 2004; Homa et al., 2005). This research does not aim to prescribe e-flows, rather, the e-flows proposed here for the Dongjiang reservoir are intended to be a template to establish a more detailed e-flows policy for the Leishui River in the future. Thus, the scope of this paper is to present a framework for evaluating the benefits and disadvantages of e-flows for integrated hydropower and environmental water management.
METHODOLOGY

Leishui Water System
The Leishui River, originating in the Shimen mountains of China, is the largest tributary of the Xiangjiang River, which in turn is a tributary of the Yangtze River 
ENVIRONMENTAL FLOWS (E-FLOWS)
Several methodologies have been developed to provide an estimation of the adequate water quantity, quality and timing required to sustain a healthy ecosystem: (a) statistical methods, such as the Tennant method (Tennant, 1976) or Natural Streamflow Paradigm (Richter et al. 1996) , which analyze streamflow data to determine flow characteristics desired to prescribe e-flows recommendations, (b) Regardless of method, in the end the initial set of e-flows should be adapted based on its capacity to meet specified environmental objectives.
One of the methods proposed to recover the environmental services provided by rivers is the natural flow paradigm (Poff et al., 1997) . This method considers the natural flow regime as a good template for recovering key environmental services and improving the ecological integrity of the river. The natural flow regime of a river can be integrated by six key streamflow components: variability, magnitude, frequency, duration, timing and rate of change. These components are recognized as central to sustaining biodiversity and ecosystem integrity (Poff and Ward, 1989; Richter et al., 1997; Rosenberg et al., 2000) . Regional and/or country-specific discussions of this method have occurred for rivers throughout the world (Davies et al., 1993; Contreras and Lozano, 1994; Dynesius and Nilsson, 1994; Pringle et al., 2000; Kingsford, 2000; Tharme, 2003; Sandoval-Solis and McKinney, 2012) . February. The Indicators of Hydrologic Alteration platform was used to identify natural flow benchmarks in the pre-1992 period that were analyzed in this study.
Determining Environmental Flow Benchmarks
Three categories were considered to determine the natural flow regime: (i) base A post-processing analysis was required to determine the typical hydrograph of pulses, small floods and large floods. For pulses, each pulse event was tagged and grouped for each month. Within each month pulses were arranged and centered around their peak; the typical pulse hydrograph for each month is composed of the median values for each day. The pulse duration (in days) was determined as the period with flows greater than the normal flow for that particular month. The same procedure was applied for small floods and large floods and for pre-and post-alteration periods. 
Flow Regime Results
Pre-reservoir flow regime (Pre-1992)
The pre-1992 hydrograph depicting the natural flow regime is shown in Figure 2 and Table 1 
Post-reservoir flow regime (Post-1992)
Figure 3 and Table 1 is larger than the pre-1992 volume (3,593×10 6 m 3 ). This is attributed to wetter conditions in the post-1992 period (1993-2010) (average annual flow= 4,476×10 6 m 3 ), Pulses are more frequent year round.
Summary of Results on Flow Regime Alteration
The following flow alterations have been observed based on the comparison of the pre-1992 and post-1992 hydrographs:
• Normal flows have been altered in magnitude and timing. Post-1992 normal flows increased by 1,263×10 6 m 3 or 39.0% compared to the pre-1992 annual quantity, and their seasonality has been reversed.
• Similarly, pulses have been altered in magnitude, timing and frequency. In the pre-1992 flow regime, pulses had a seasonal occurrence from February to September, with a frequency of 1 pulse per month and peak magnitudes • Small floods with return periods of 5-10 years were part of the pre-1992 flow regime and no longer occur under post-1992 conditions.
• Large floods with a return period of 20 years (T=20) that occurred in either April or June under pre-1992 conditions are not present in the post 1992 flow regime.
• The annual variability of flows has been eliminated and modified; there is no flow variation from year to year. The lack of annual variability will prevent the river to purge non-native species.
WATER MANAGEMENT POLICIES AND SCENARIOS
The main role of Dongjiang reservoir is to generate electricity for Hunan province. During the winter months (January through March), it increases hydropower inputs to the electricity grid when needed to ensure normal power supply. As a consequence of this operation, the runoff downstream of Dongjiang reservoir has experienced significant changes, including smaller summer flows and larger winter flows than normal flows under pre-1992 conditions. In order to assess the benefits of alternative policy scenarios and reservoir operation schemes, the following baseline and e-flow scenarios were considered.
Scenarios
Baseline Scenario: Only Hydropower
The following procedure explains the rules used to operate Dongjiang reservoir under the Only Hydropower scenario. Current reservoir release decisions are made by the reservoir's general managers and are mainly based on the rule curve (Figure 4 and Eq. 1) and empirical knowledge. First, reservoir operators determine which pool the reservoir is in (A, B, C, D or E), depending on the reservoir water level (Z t ) and the time of year. Then, water for hydropower (P t ) is released depending on the state of the storage pool as follows:
Where Q The generated hydropower is calculated using the following equation:
Where H is the net head of the hydropower (m) and K is the output coefficient 
Environmental Flow Scenarios
In this study, four e-flows scenarios are evaluated to investigate alternative water management policies for operating Dongjiang reservoir. As shown in Table 2 , for each scenario two parameters were altered: (1) the total volume of e-flows released and (2) the operational policy of Dongjiang reservoir. Two e-flow volumes were considered, the pre-1992 hydrograph with benchmarks of: (a) one year (T=1) return period or (b) one year (T=1) and two to three years (2<T<3) return period. In addition, two policies for Dongjiang reservoir were considered: (a) operation to only meet e-flows requirements or (b) operation to meet both hydropower and environmental flow requirements, while considering that the minimum reservoir release must be the maximum of (i) the normal flows of the pre-1992 hydrograph and (ii) the reservoir release based on the operational rule curve. 
Dongjiang Reservoir Planning Model
Comparison of Water Management Scenarios
Baseline and Environmental Flow Scenarios
The baseline and four e-flows scenarios were compared using the following performance criteria: average annual hydropower generation, hydropower reliability, water released for hydropower and water spilled. Hydropower reliability refers to the frequency of time (expressed as a percentage) that the energy demanded is fully generated. Results for the scenarios are presented in Table 3 .
The results show that the hydropower generation under e-flows Scenario I and III were most similar to the Baseline Scenario, demonstrating that the combination of rule curve plus e-flows releases can meet the required hydropower generation while simultaneously addressing environmental needs by mimicking the natural flow regime.
Scenarios II and IV (only e-flow) produced average annual power generation similar conflicting uses. However, Scenario III is preferred because it generated the same hydropower as the baseline scenario while managing the system for e-flows benchmarks of T<3.
Balancing Hydropower and Environmental Water Requirements
This section presents an analysis to identify water management policies that can Results of Scenario III and a set of scaled pre-1992 hydrographs are presented in Figure 6 . They show that a flow regime that releases 75% of the pre-1992 annual hydrograph volume can generate the most hydropower (1,459×10 6 kWh/year or 102% 
DISCUSSION
There is no simple answer or single policy when trying to reconcile reservoir operations for hydropower and environmental purposes. Tradeoffs are essential to balancing these two water management objectives and compromises have to be made for both water uses to obtain benefits. For hydropower, it must be recognized that an integrative environmental water management policy has the potential to provide environmental benefits while continuing to generate hydropower. Environmental advocates, on the other hand, need to understand that it is not economically feasible to operate the reservoir only for environmental purposes and that advocating for a scaled-down version of the natural flow regime may help incentivize hydropower users to include the environment in reservoir operations. Even if Scenario III (Rule Curve + 75% e-flow) is implemented, large base flows will occur in the Leishui River from July to February with potential consequences for riverine ecosystems because such large base flows were not part of the natural flow regime. Solving this problem will require physical interventions, such as the construction of artificial pools or floodplains in certain parts of the river, called sanctuaries, to recreate conditions more similar to those found under the natural flow regime. Again, balancing hydropower and environmental objectives will require managerial changes in the operation of Dongjiang reservoir and physical changes along the river corridor to return to more natural flow conditions.
CONCLUSIONS
This research demonstrates that it is possible to integrate hydropower and environmental requirements into an IWRM policy, but compromises must be made.
Timing for both water uses is conflicting; the policy proposed here provides the water required by both uses at all times. In some cases, water requirements for hydropower were larger than for the environment (from July to February), wherein the system was operated to meet hydropower needs. Conversely, when the environmental requirements were larger than hydropower requirements (March to June), Dongjiang reservoir was operated to meet environmental needs. The proposed policy provides greater benefits to hydropower because it surpasses environmental base flow requirements from July to February. In order to meet the desired environmental conditions, a physical intervention must be made in the river, such as the construction of artificial pools, to provide adequate river conditions to sustain riparian and aquatic
ecosystems.
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